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HIC

:   high income countries

HR HPV

:   high‐risk human papillomavirus

HIV

:   human immunodeficiency virus

IARC

:   International Agency for Research on Cancer

LMIC

:   low/middle‐income countries

%PR

:   percent prevalence reduction

*R*~0~

:   average number of secondary infections resulting from one case of HPV infection in a totally susceptible population.

Introduction {#ijc31409-sec-0001}
============

Approximately 630,000 new cancer cases per year are attributable to high‐risk (HR) human papillomavirus (HPV) worldwide, 530,000 (83%) of which are cervical cancer.[1](#ijc31409-bib-0001){ref-type="ref"}, [2](#ijc31409-bib-0002){ref-type="ref"} The bivalent and quadrivalent vaccines target the types HPV16/18, which account for ∼70% of all cervical cancers worldwide,[2](#ijc31409-bib-0002){ref-type="ref"} whereas the newer ninevalent vaccine also targets HR HPV31/33/45/52/58,[3](#ijc31409-bib-0003){ref-type="ref"} raising the proportion of preventable cervical cancers to ∼90%.[2](#ijc31409-bib-0002){ref-type="ref"} All three vaccines are nearly 100% efficacious in the prevention of infection from vaccine‐targeted HPV types.[3](#ijc31409-bib-0003){ref-type="ref"}, [4](#ijc31409-bib-0004){ref-type="ref"}

Two‐thirds of cervical cancers occur in less developed countries, due to lack of effective cervical cancer screening programs and high HPV infection prevalence.[2](#ijc31409-bib-0002){ref-type="ref"} Worldwide, more than 10‐fold differences are being reported in HPV prevalence[5](#ijc31409-bib-0005){ref-type="ref"} mainly related to differences in sexual activity patterns and, in some regions, to the prevalence of human immunodeficiency virus (HIV), which is associated with increased acquisition[6](#ijc31409-bib-0006){ref-type="ref"} and persistence[7](#ijc31409-bib-0007){ref-type="ref"} of HPV infection.

The basic reproductive number (*R* ~0~) of HPV infection, defined as the average number of secondary infections resulting from one case of HPV infection in a totally susceptible population,[8](#ijc31409-bib-0008){ref-type="ref"} is also regulated by sexual activity patterns, as well as infection acquisition rates and persistence. *R* ~0~ governs, along with vaccine efficacy and coverage, the strength of herd protection, that is, the indirect protection against infection offered by vaccinated to unvaccinated individuals. Herd protection, in turn, is a key determinant of the overall effectiveness (i.e., population‐level impact) of a vaccination program.[9](#ijc31409-bib-0009){ref-type="ref"}, [10](#ijc31409-bib-0010){ref-type="ref"} Similar vaccination programs may therefore generate different levels of overall effectiveness depending upon a population\'s pre‐vaccination HPV prevalence.

In the present report, we used the International Agency for Research on Cancer\'s (IARC) deterministic transmission dynamic model[8](#ijc31409-bib-0008){ref-type="ref"}, [11](#ijc31409-bib-0011){ref-type="ref"} to estimate overall effectiveness and herd protection according to pre‐vaccination HPV prevalence, separately for girls‐only or gender‐neutral vaccination programs. The focus is on HPV16, the most frequent and most carcinogenic type,[12](#ijc31409-bib-0012){ref-type="ref"}, [13](#ijc31409-bib-0013){ref-type="ref"} which is also the most difficult to control by vaccination[8](#ijc31409-bib-0008){ref-type="ref"} due to its special propensity to persist. In a previous study,[14](#ijc31409-bib-0014){ref-type="ref"} using idealized sexual contact structures, we have shown how HPV control through vaccination becomes more challenging in a population transitioning from a traditional to a gender‐equal sexual behavior. In the present paper, using the same prototypical sexual contact structures, we aimed at describing how HPV vaccination impact differs between populations characterized by different sexual activity levels and pre‐vaccination prevalences.

Methods {#ijc31409-sec-0002}
=======

Model parameterization and calibration {#ijc31409-sec-0003}
--------------------------------------

The probability of developing type‐specific immunity after infection clearance was assumed to be 30% in women and 0% in men,[15](#ijc31409-bib-0015){ref-type="ref"} and the probability of transmission per sexual partnership was assumed to be 70% in both genders[11](#ijc31409-bib-0011){ref-type="ref"}, [16](#ijc31409-bib-0016){ref-type="ref"}, [17](#ijc31409-bib-0017){ref-type="ref"} (Table [1](#ijc31409-tbl-0001){ref-type="table"}). We then fitted our model to HPV16 age‐specific prevalence curves in Italian women (Supporting Information Fig. S1)[11](#ijc31409-bib-0011){ref-type="ref"}, [18](#ijc31409-bib-0018){ref-type="ref"}, [19](#ijc31409-bib-0019){ref-type="ref"} by calibrating the rate of clearance of HPV16 infection. HPV16 clearance rate was found to decrease with time since infection (Supporting Information Table S1), in accordance with empirical evidence.[20](#ijc31409-bib-0020){ref-type="ref"}, [21](#ijc31409-bib-0021){ref-type="ref"} The corresponding average duration of HPV16 infection was 11 months.

###### 

Model parameters related to natural history of HPV16 infection, sexual behavior, and vaccine performance

  Parameter                                                                       Value
  ------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------
  **Assumed**                                                                     
  Transmission probability per sexual partnership (%)                             70[11](#ijc31409-bib-0011){ref-type="ref"}, [16](#ijc31409-bib-0016){ref-type="ref"}, [17](#ijc31409-bib-0017){ref-type="ref"}
  Immunity after infection clearance in women (%)                                 30[15](#ijc31409-bib-0015){ref-type="ref"}
  Mixing between sexual activity classes[a](#ijc31409-note-0004){ref-type="fn"}   0.75[8](#ijc31409-bib-0008){ref-type="ref"}
  Mixing between age groups[a](#ijc31409-note-0004){ref-type="fn"}                0.30[8](#ijc31409-bib-0008){ref-type="ref"}, [11](#ijc31409-bib-0011){ref-type="ref"}
  Vaccine efficacy (%)                                                            95[4](#ijc31409-bib-0004){ref-type="ref"}
  Duration of vaccine protection                                                  Lifelong[23](#ijc31409-bib-0023){ref-type="ref"}, [24](#ijc31409-bib-0024){ref-type="ref"}
  **Calibrated**                                                                  
  Average infection duration (months)                                             11[8](#ijc31409-bib-0008){ref-type="ref"}, [11](#ijc31409-bib-0011){ref-type="ref"}

Abbreviation: HPV, human papillomavirus.

This is a measure of the tendency for individuals with similar sexual activity to form sexual partnerships. It is measured on a scale where fully assortative (i.e., like‐with‐like) and randomly assortative mixing corresponds to value 0 and 1, respectively.

In a previous study, we reported the calibration and validation process of our model for 13 different HR HPV types including HPV16.[11](#ijc31409-bib-0011){ref-type="ref"} Briefly, 100,000 sets of parameter values were generated by independently sampling, for each parameter, a uniform distribution within a pre‐specified range of values, using a Latin hypercube algorithm. Each set of values was used to generate a model based age‐specific curve of prevalence for each HPV type. The model outputs were calibrated by simulating the sexual behavior of the Italian population, as reported in a nationwide population based survey.[22](#ijc31409-bib-0022){ref-type="ref"} Finally, each model\'s output was compared to the observed age‐specific prevalence of each HR HPV, using binomial log likelihood. For our analyses, we used the best‐fitting set of parameters corresponding to the pre‐specified assumptions (Table [1](#ijc31409-tbl-0001){ref-type="table"}). The parameters governing HPV16 natural history were kept unchanged across all simulations. Further details about the model calibrating process are reported in Supporting Information Data S1.

Study population and assumptions about sexual behavior and vaccination {#ijc31409-sec-0004}
----------------------------------------------------------------------

To allow for heterogeneity in sexual activity patterns, we simulated two types of heterosexual behaviors: (*i*) gender‐equal behavior typical of many high‐income countries (HIC) and (*ii*) traditional behavior found in many low/middle‐income countries (LMIC).[14](#ijc31409-bib-0014){ref-type="ref"} In populations with gender‐equal sexual behavior, genders have similar age‐specific sexual activity rates (Fig. [1](#ijc31409-fig-0001){ref-type="fig"}, panel *a*) and preferentially choose partners in the same age five‐year age group (Supporting Information Table S2). Conversely, in traditional populations, genders have different age‐specific sexual activity rates (Fig. [1](#ijc31409-fig-0001){ref-type="fig"}, panel *b*) and women are preferentially five years younger on average than their partners (Supporting Information Table S2). The simulated populations were stable and stratified by age (range 10--70 years) and according to three classes of sexual activity (high, intermediate, and low). For both gender‐equal (Supporting Information Fig. S2*a*) and traditional (Supporting Information Fig. S2*b*) populations, we simulated different background HPV16 prevalence, ranging from 1 to 8% (hereafter also referred to as "low" and "high" prevalence, respectively), as observed in HPV prevalence surveys carried out by the IARC from 1999 to 2012.[5](#ijc31409-bib-0005){ref-type="ref"} To obtain different levels of simulated HPV prevalence we scaled the average annual number of new sexual partners, that is 1.1, estimated from the Italian population based survey,[22](#ijc31409-bib-0022){ref-type="ref"} by a factor constant across age and sexual activity groups. Sexual mixing within age and sexual activity group, which is measured on a scale from 0 (fully assortative, i.e., like‐with‐like) to 1 (randomly assortative), was kept constant in all the simulated populations (Table [1](#ijc31409-tbl-0001){ref-type="table"}), by assuming little assortative mixing (0.75) by sexual activity and high assortative mixing (0.3) by age preference. The assumed levels of assortativeness are consistent with estimates from the Italian population[11](#ijc31409-bib-0011){ref-type="ref"} and have been used in previous modeling exercises.[8](#ijc31409-bib-0008){ref-type="ref"} As sexual preferences may differ across populations, we have assessed the sensitivity of our findings to variations in sexual assortativeness. In particular, we separately assessed the combined effect of high assortative mixing (0.3) by both sexual activity and age and of low assortative mixing (0.75) by both sexual activity and age in a population with gender‐equal sexual behavior.

![Assumed mean number of new sexual partners per year, by class of sexual activity for population with gender‐equal sexual behavior (*a*)[11](#ijc31409-bib-0011){ref-type="ref"} and traditional sexual behavior (*b*).[14](#ijc31409-bib-0014){ref-type="ref"}](IJC-143-1086-g001){#ijc31409-fig-0001}

Vaccine efficacy against HPV16 was set to be 95%.[4](#ijc31409-bib-0004){ref-type="ref"} We assumed that vaccine‐induced immunity for HPV16 was the same and lifelong in both genders,[23](#ijc31409-bib-0023){ref-type="ref"}, [24](#ijc31409-bib-0024){ref-type="ref"} and that vaccine coverage in gender‐neutral vaccination programs was the same in boys and girls.

Model based analyses {#ijc31409-sec-0005}
--------------------

We calculated the *R* ~0~ corresponding to each level of simulated HPV16 pre‐vaccination prevalence separately for populations with gender‐equal and traditional sexual behavior, using the next generation matrix method.[25](#ijc31409-bib-0025){ref-type="ref"} For model‐based predictions of the impact of vaccination, we assessed both absolute prevalence reduction and overall vaccine effectiveness, measured as percent prevalence reduction (%PR), i.e. the relative reduction in prevalence, of HPV16 compared to no vaccination in women aged 15--34 years at a new steady state (i.e., ∼70 years after the introduction of vaccination). Herd protection was calculated as the difference between overall effectiveness, estimated by the model, and direct vaccine efficacy, estimated by multiplying vaccination coverage by 95% efficacy. Girls‐only or gender‐neutral vaccination programs were separately assessed.

Results {#ijc31409-sec-0006}
=======

HPV16 prevalence in IARC HPV surveys ranged from 0.4 to 10% (Fig. [2](#ijc31409-fig-0002){ref-type="fig"}). Figure [3](#ijc31409-fig-0003){ref-type="fig"} *a* shows the relationship between mean number of new sexual partners per year and HPV16 prevalence separately in gender‐equal and traditional populations according to our simulations whereas Figure [3](#ijc31409-fig-0003){ref-type="fig"} *b* shows the steady increase in *R* ~0~ increased as pre‐vaccination HPV16 prevalence rises. *R* ~0~ increased from 1.6 for 1% to 6.6 for 8% HPV16 prevalence in populations with gender‐equal sexual behavior and from 1.2 to 3.8, respectively, in populations with traditional sexual behavior. Of note, the higher the HPV16 prevalence, the larger was *R* ~0~ in populations with gender‐equal compared to traditional sexual behavior.

![HPV16 prevalence (%) in sexually active women aged 15--35 years (Data are from IARC Prevalence Surveys, 1990--2016).[5](#ijc31409-bib-0005){ref-type="ref"} The size of the dot is proportional to the number of women recruited in each survey.](IJC-143-1086-g002){#ijc31409-fig-0002}

![(*a*) Mean annual number of new sexual partners and (*b*) Basic reproductive number (*R* ~0~) by pre‐vaccination HPV16 prevalence and type of a population\'s sexual behavior.](IJC-143-1086-g003){#ijc31409-fig-0003}

Figure [4](#ijc31409-fig-0004){ref-type="fig"} focuses on populations with either gender‐equal or traditional sexual behavior after girls‐only vaccination and shows that for any given level of coverage the impact of HPV vaccination is higher in population with lower HPV16 pre‐vaccination prevalence. Figure [4](#ijc31409-fig-0004){ref-type="fig"} *a* shows the HPV16%PR that could be achieved by vaccination of 11 year‐old girls‐only, according to coverage and whether pre‐vaccination HPV16 prevalence is 1% (dashed line) or 8% (solid line). The areas between each of these curves and the straight curve of 95% vaccine efficacy (dash‐dotted line) represent herd protection. The difference in HPV16%PR between low‐ and high‐prevalence populations steadily increases up to ∼40% coverage (91% effectiveness for low *vs*. 48% for high pre‐vaccination prevalence). The difference is entirely accounted for by the larger contribution of herd protection in populations with low against high pre‐vaccination prevalence (53% *vs*. 10% of the total HPV16%PR, respectively). Elimination of the infection could be obtained with 55 and 97% coverage, respectively. Figure [4](#ijc31409-fig-0004){ref-type="fig"} *b* shows absolute levels of HPV16 prevalence (i.e., 5/1,000, 1/1,000, 1/10,000) that could be achieved at equilibrium after vaccination, according to coverage and pre‐vaccination HPV16 prevalence. For example, to lower HPV16 prevalence from 1% to 1/1000, 37% coverage would be sufficient whereas 96% coverage would be necessary if pre‐vaccination prevalence were 8%.

![(*a*) Relative reduction in HPV16 prevalence and (*b*) Achievable post‐vaccination HPV16 prevalence, among women 15--34 years of age after vaccination of 11 year‐old girls in a population with gender‐equal sexual behavior, by coverage and pre‐vaccination prevalence. (*c*) Relative reduction in HPV16 prevalence and (*d*) Achievable post‐vaccination HPV16 prevalence, among women 15--34 years of age after vaccination of 11 year‐old girls in a population with traditional sexual behavior, by coverage and pre‐vaccination HPV16 prevalence.](IJC-143-1086-g004){#ijc31409-fig-0004}

Figure [4](#ijc31409-fig-0004){ref-type="fig"} *c* and [4](#ijc31409-fig-0004){ref-type="fig"} *d* show similar simulations in a population with traditional sexual behavior. The largest difference in HPV16%PR is already reached at ∼30% coverage (93% for low *vs*. 37% for high pre‐vaccination prevalence), whereas elimination of the infection could be obtained with 50 and 95% coverage, respectively (Fig. [4](#ijc31409-fig-0004){ref-type="fig"} *c*). Post‐vaccination absolute prevalence of 1/1000 would be achievable by 28% coverage in a population with pre‐vaccination HPV16 prevalence of 1% but would require 93% if pre‐vaccination HPV16 prevalence were 8%.

Supporting Information Figure S3 show the same simulations as in Figure [4](#ijc31409-fig-0004){ref-type="fig"} in populations with gender‐equal or traditional sexual behavior if 11 year‐old boys were vaccinated in addition to 11 year‐old girls. In both scenarios, lower coverage would be necessary to produce the same overall effectiveness and the same decreases in HPV16 absolute prevalence than after vaccination of girls only but the impact of pre‐vaccination prevalence would be attenuated. Also, Supporting Information Figure S4 and S5 show the effect of sexual assortativeness on *R* ~0~ and on the impact of HPV vaccination in populations with different levels of pre‐vaccination HPV16 prevalence.

Discussion {#ijc31409-sec-0007}
==========

Our present report highlights the importance of pre‐vaccination HPV prevalence as a key driver of the overall effectiveness of a vaccination program through its influence on the strength of herd protection. Consequently, the higher the pre‐vaccination prevalence, the lower the relative reduction of HPV would be for a given vaccination coverage and accordingly the higher the coverage would have to be to achieve pre‐defined HPV control targets.

Sexual activity patterns, along with infection persistence, are known to determine population‐specific HPV16 prevalence in young adult women, which has been shown to vary by about one order of magnitude between and within countries.[5](#ijc31409-bib-0005){ref-type="ref"} To reproduce the observed range of HPV16 prevalence, we varied the average number of new sexual partners in the simulated populations. The range of average number of new sexual partners assumed to obtain the expected HPV16 prevalence is consistent with the values reported in the literature.[26](#ijc31409-bib-0026){ref-type="ref"} Furthermore, to account for differences in sexual activity patterns between populations, we simulated two types of patterns characterized by different age‐specific rates of sexual activity and age differences between sexual partners.[14](#ijc31409-bib-0014){ref-type="ref"}

As previously described, the circulation of HPV16 in a population with gender‐equal sexual behavior is more efficient than in a population with traditional behavior, due to overlapping periods of intense, mainly premarital, sexual activity at a young age.[27](#ijc31409-bib-0027){ref-type="ref"} Accordingly, in the present study, for any given level of HPV16 prevalence, *R* ~0~ was higher in "gender‐equal" than traditional populations, making vaccination consistently more effective in the latter. Of note, Our *R* ~0~ estimates for HPV16, ranging between 1.6 and 6.6 in populations with gender‐equal and between 1.2 and 3.8 in populations with traditional sexual behavior, fall within the range of other sexually transmitted infections such as HIV,[28](#ijc31409-bib-0028){ref-type="ref"} syphilis,[29](#ijc31409-bib-0029){ref-type="ref"} *Neisseria gonorrheae* and *Chlamydia trachomatis*.[30](#ijc31409-bib-0030){ref-type="ref"}

We additionally predicted that HPV16 prevalence affected vaccination effectiveness, irrespective of the sexual activity pattern of a population. The overall effectiveness of girls‐only vaccination programs with coverage in the 30--50% range was at least two‐fold larger in low‐ prevalence than in high‐prevalence populations. Gender‐neutral vaccination further enhanced herd protection making elimination of HPV16 possible with 85 and 74% coverage in high‐prevalence populations with gender‐equal and traditional sexual behavior, respectively. In low‐prevalence populations, HPV16 vaccination of boys in addition to girls would further lower the minimum required coverage to below 40%. We also assessed the effect of sexual assortativeness on the impact on HPV vaccination. As expected,[10](#ijc31409-bib-0010){ref-type="ref"} HPV vaccination is more effective in populations with a more homogeneous (low assortative) sexual mixing than in populations with a more heterogeneous (high assortative) sexual mixing. Nevertheless, for each sexual mixing pattern, the impact of HPV vaccination was lower in populations with higher pre‐vaccination HPV16 prevalence.

Strengths of our report include the use of a validated transmission model to represent changes in HPV prevalence. Transmission models can capture the dynamics of infection circulation[10](#ijc31409-bib-0010){ref-type="ref"} in a population and have the distinct advantage of including the effect of herd immunity.[31](#ijc31409-bib-0031){ref-type="ref"} We could also derive estimates of the parameters governing the natural history of HPV16 infections from the calibration to a large screening trial conducted in Italy[18](#ijc31409-bib-0018){ref-type="ref"} in which we were able to predict accurately the incidence of HPV16 infection in HPV16 negative women.[11](#ijc31409-bib-0011){ref-type="ref"} This allowed us to provide a range of uncertainty for each parameter estimate.[11](#ijc31409-bib-0011){ref-type="ref"} The values used in our simulations were those which best reflected the findings of previous studies on HPV16 natural history (i.e., probability of transmission,[11](#ijc31409-bib-0011){ref-type="ref"}, [16](#ijc31409-bib-0016){ref-type="ref"}, [17](#ijc31409-bib-0017){ref-type="ref"}, [32](#ijc31409-bib-0032){ref-type="ref"} probability of developing type‐specific immunity after infection clearance,[15](#ijc31409-bib-0015){ref-type="ref"} and duration of infection[12](#ijc31409-bib-0012){ref-type="ref"}, [33](#ijc31409-bib-0033){ref-type="ref"}, [34](#ijc31409-bib-0034){ref-type="ref"}).

The limitations of our present study mainly derive from the uncertainties that remain in some of the model assumptions. For example, we assumed that the variation of HPV16 prevalence across populations was attributable exclusively to differences in sexual activity. We did not include, for instance, the potential influence of HIV infection that affects HPV prevalence through increased acquisition and duration of the infection. We probably also oversimplified the sexual behavior of women and men on account of the lack of exhaustive information on sexual networks, for example, prevalence of sequential or concurrent sexual partnerships. On the other hand, since the main objective of the present paper was to describe how the impact of HPV vaccination differs between populations characterized by different sexual activity levels and HPV prevalence, accounting for HIV would have added unnecessary complexity to the modeling process and results interpretation. Finally, although cervical cancer reduction is the ultimate aim of vaccination, we chose HPV16 infection rather than cervical disease as endpoint to avoid the uncertainties that would be introduced by the parameters that regulate the progression or regression of HPV infection. We also chose to focus on HPV16 only because it is the best understood, most carcinogenic[1](#ijc31409-bib-0001){ref-type="ref"} type and also the type that a recent modeling study has shown to be the greatest challenge in vaccination programs.[8](#ijc31409-bib-0008){ref-type="ref"}

In conclusion, pre‐vaccination HPV16 prevalence strongly influences herd immunity and hence determines population‐specific overall effectiveness of HPV vaccination and the levels of coverage that could be sufficient to control HPV‐infection and related cancers. HPV control is harder when pre‐vaccination HPV prevalence is high. Our findings are particularly relevant for those LMICS in which sexual behavior is based on traditional norms and HPV prevalence remains low.[14](#ijc31409-bib-0014){ref-type="ref"} In these countries, it is advantageous to introduce vaccination while HPV prevalence in young women is low, anticipating any increase that may occur with liberalization of social attitudes.
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